The chlorination process utilizing ammonium chloride as chlorination reagent has been employed for the recovery of elements with emphasis on indium from bearing alloy through vaporization of the chlorides. It was found that the chlorination took place by the heating of the model sample in the presence of ammonium chloride. The influence of the process parameters, such as reaction temperature and gas flow rate, has been investigated. The addition of activated carbon resulted in the adsorption of chloride on the carbon surface. The present result indicates the possibility of the recovery process through transport of the target element from the sample to pores of activated carbon.
Introduction
The development of recovery process of valuable metals from wastes is of great importance in the view of resource securities. Conventional processes are based on the technique of hydrometallurgy, where target elements are dissolved in e.g., acid and enriched by various types of extracting reagent, which have been developed in the past decades.
As for the pyrometallurgical processes, the chlorination metallurgy is one of the attractive methods for the extraction of target elements, as it enables the spatial separation of the elements in a single step according to the difference in the vapor pressure of the chlorides. So far, series of basic studies have been reported in literature, 18) in which chlorine or hydrogen chloride gases are mostly used as chlorination reagent. In the view of the practical application of the processes, however, one has to pay special attention for the handling of the corrosive gases.
Ammonium chloride is an alternative chlorination reagent, which is utilized, for instance, in the laboratory-scale synthesis of rare earth chlorides. 9) The handling is much easier than the gaseous reagents, so that the utilization of ammonium chloride is an attractive way. Recently, Itoh et al. demonstrated that neodymium in NdFeB magnet scrap could be selectively chlorinated. 10) In our previous studies 11, 12) we have reported the results of the pyrometallurgical chlorination treatment utilizing ammonium chloride for the recovery of indium from wastes. It has been demonstrated that indium can be recovered from dental metal recycling sludge as well as indium tin oxide, transparent conductor, deposited on glass surface. The reaction is apparently described as One of the advantages of the proposed process is that the chemicals used in the reaction can be considerably reduced when the position of the target element is known: the chlorination reagent is directly put onto the sample specimen where the target element exists, e.g., glass surface in the case of ITO-deposited glass. In contrary, the entire sample should be immersed in treatment bath in conventional hydrometallurgical processes, which may lead to higher cost in case that very small amount of the target element exists in the sample, e.g., in the form of thin film.
In the present paper, we address the chlorination treatment of bearing alloy made of lead, indium and tin, which is plated on substrate metal for the improvement of tribological property. The influence of the process parameters has been studied and discussed.
Experimental Procedure

Materials
As for the material for the chlorination treatment, model samples were kindly supplied from Daido metal Co., Ltd. A sample specimen has iron substrate (20 mm © 50 mm © 2 mm) above which copper, then nickel intermediate layer and finally PbInSn alloy (Pb : In : Sn = 8 : 1 : 1 in mass%) are plated. The nickel layer is plated in order to avoid the diffusion of the elements of the upper layer into the inner copper layer. The average contents of Pb, Sn and In in a sample specimen were 21, 2.7 and 2.7 mg, respectively. Given amount of ammonium chloride (99.5%, Wako pure chem. Co., Ltd.) was put onto the sample surface. Typical composition of NH 4 Cl, defined as 100 Â m NH 4 Cl =m Sample , where m NH 4 Cl and m Sample are the mass of ammonium chloride and sample specimen, respectively, was 6 mass%. In order to ensure the sufficient contact between NH 4 Cl and alloy surface, small amount of ethanol was poured on the surface, which was then dried.
Chlorination reaction and analytical methods
The chlorination reaction was carried out in a horizontal quartz tube reactor as described elsewhere. 11) In a typical experimental run, the reaction temperature was 400°C for the reaction time of 30 min. Helium and air were used as carrier gas at the representative flow rate of 300 mL/min. Volatile +1 products evolved during the reaction were deposited at the cold part of the reactor, which were collected with pure water after the reaction. More volatile products were captured in a glass trap, connected to the reactor, which contained 50 mL of 10% HCl solution. The elements remaining on the sample surface of the reaction residue was dissolved in aqueous solution of hydrogen bromide mixed with hydrogen peroxide. All the metal content in the solution was determined by ICP analysis (SPS7800, SII). Some of the sample specimens after the reaction were characterized with SEM-EDX (S-4800, Hitachi High-Technologies, with EX-420 from Horiba). Indium recovery is defined as 100 © (m Reactor + m Trap )/ m Total , where m Reactor denotes the mass of indium collected at the cold part of the reactor, m Trap that at glass trap and m Total is the total mass of the indium in the sample specimen. It should be noted that all the volatile indium compounds were captured either in the reactor and the trap because no indium was detected in an additional water trap after the glass trap. Thus, m Total is given by the sum of m Reactor , m Trap and the mass of the element remaining in reaction residue, m Residue . The value of m Total is in agreement with the indium content in the initial sample specimen determined in a separate analysis.
It is expected that hydrogen is formed when a metal, M, reacts with hydrogen chloride according to the reaction:
where n is an appropriate integer. We have, therefore, collected the gas evolved during the reaction every 2 min period in aluminum gasbag. The hydrogen content was analyzed by a gas chromatography with thermal conductivity detector, GC-TCD (GC-8AT equipment, Shimadzu). 13) The results were corrected by the residence time of the gas. For this purpose, we conducted a separate experimental run, where one milliliter of hydrogen gas was injected at the given carrier gas flow rate in quartz reactor, and the time needed to reach the gasbag was examined by sampling the gas every 30 s period. It was found that the hydrogen was first detected at the sampling period of 22.5 min at the carrier gas flow rate of 300 mL/min, and 44.5 min at 50 mL/min.
Influence of the presence of activated carbon in chlorination reagent
In the chlorination treatment under air atmosphere, we examined the influence of the presence of activated carbon powder, which was mixed mechanically with ammonium chloride. The mixture of the chlorination reagent and carbon was placed onto the sample specimen. The composition of NH 4 Cl was 4 mass%. Further addition of the ammonium chloride was not possible because of the high apparent volume of the NH 4 Clcarbon mixture. Other experimental conditions are as same as those given above. Figure 1 shows the indium recovery as a function of reaction temperature under air and inert (helium) atmosphere. Obviously, the indium recovery increases with increasing temperature in both atmospheres. This is presumably due to the promotion of the reaction at higher temperature. The increase in the vapor pressure of the chloride at high temperature can be also responsible for the increase in the recovery. The previous study showed that all the chloride evaporates from the reaction zone under the experimental condition (400°C, 30 min). 12) As for the influence of the reaction atmosphere, the recovery under air is lower than that under inert atmosphere. This indicates that the oxidation of metal is favorable under air atmosphere, which is in agreement with the predominance diagram of the InClO system, where the oxide is the most stable phase below the chlorine partial pressure of ³10 ¹1 at 400°C at the oxygen partial pressure of 0.2. 12) On the other hand, the influence of the reaction atmosphere should be, in principle, less significant because the alloy is covered with the ammonium chloride powders in the present process. It should be noted that the indium recovery is almost the same under different atmospheres in the chlorination treatment of ITO. 12) In contrary, in the case of alloy samples, the formation of thermodynamically favorable oxide cannot be neglected, leading to the difference in the indium recovery among the reaction atmosphere. Figure 2 compares the mass of the alloy elements recovered as volatiles. The quantity increases with increasing temperature, as observed in Fig. 1 . The amount of lead, the major alloy component, increases drastically above 500°C, which can be ascribed to the completion of the chlorination at this temperature. The increase in vapor pressure may also contribute to the result. In the view of the selective recovery of the alloy element, the reaction temperature should be below 500°C, which can avoid the considerable contamination of lead. The SEM images of the alloy surface before and after the chlorination treatment are shown in Fig. 3 . The smooth surface was observed for a specimen after the reaction at 400°C, while sample treated at 500°C had very rough surface. The corresponding EDX analysis, as summarized in Table 1 , revealed that the chlorine remained on the sample treated at 400°C, but did not on that at 500°C. In the latter sample, significant increase in the nickel and copper contents suggests all the metal chlorides of lead, tin and indium evaporate at this temperature. This behavior is in agreement with the result of Fig. 2 .
Results and Discussions
Indium recovery by chlorination treatment with ammonium chloride
As for the chlorination of lead and tin, Table 1 shows that both elements remains in the sample specimen even after the treatment at 500°C in contrary to indium. The difference arises probably from the difference in the activities of each element. Since the thermodynamic data of the alloy components are not available in literature, we could not discuss and compare the chlorination behavior of each element in detail. Further thermochemical study is of great importance for the control of the reaction.
Optimization of the process parameters 3.2.1 Composition dependence of ammonium chloride
The indium recovery increases with increasing the composition of ammonium chloride, as shown in Fig. 4 . If the chlorination of the elements takes place according to the following reactions:
Sn þ 2HCl ! SnCl 2 þ H 2 ; ð5Þ and
then the stoichiometric amount of ammonium chloride is 17 mg, i.e., 0.35% of the composition in the figure, on the basis of the average contents in the alloy (see the experimental section). The present result shows that excess amount of NH 4 Cl is necessary for the sufficient recovery of indium. This is presumably because the hydrogen chloride formed in the thermal decomposition of ammonium chloride is removed by carrier gas. It should be noted that the excess addition of NH 4 Cl was essential also in the indium recovery from dental metal recycling sludge and ITO deposited glass. 11, 12) 3.2.2 Influence of the carrier gas flow rate It is essential to enhance the local partial pressure of chlorine in order to reduce the amount of chlorination reagent. One of the possible methods is to reduce the flow rate of carrier gas so as to suppress the apparent dilution of the hydrogen chloride formed during the reaction. Figure 5 shows the carrier gas flow rate dependence of the indium recovery rate. The indium recovery decreases with increasing the gas flow rate. The increase in the flow rate results in the apparent dilution of hydrogen chloride, thus decrease in the chlorine partial pressure. The interpretation of data is not straightforward in contrary to the gaseous chlorination reagent, as the influence of the decomposition of ammonium chloride should be taken into account. The influence of the gas flow rate will be also discussed in the following section.
Hydrogen formation
In our previous studies on the indium recovery from ITO or dental metal recycling sludge, where the indium exists essentially as oxide, it was expected that the chlorination reaction took place via the exchange reaction of oxygen and chlorine (eq. (1)). In the present sample, however, this is obviously not the case, because the element exists as alloy. If the elements are chlorinated according to eqs. (3)(5), or (2) in a simplified form, then the formation of hydrogen gas should take place. Figure 6 shows the result of the quantitative analysis of hydrogen as a function of sampling period of the gas collected in aluminum gas bag. In the figure, the residence time of the gas was corrected in the way as mentioned in the experimental section. The formation of hydrogen during the reaction is obvious, and the amount of H 2 is dependent on the gas flow rate. The total amount of hydrogen evolved during the treatment is given by the summation of the hydrogen quantity in the graph. It amounts to 310 µmol at the flow rate of 50 mL/min, and 145 µmol at 300 mL/min. The value should correspond to the quantity of the chlorinated metals. Therefore, the present result indicates that more chlorination reaction takes place at lower gas flow rate. This can be understood by the difference in the residence time of chlorination reagent, HCl, formed during the reaction. The decrease in the gas flow rate improves the extent of the chlorination reaction.
Finally, it is worthwhile to evaluate the amount of the ammonium chloride involved in the chlorination reaction of the metal. The results are 5.0 and 9.7% of the initial NH 4 Cl at the flow rate of 300 and 50 mL/min, respectively. Therefore, most of the ammonium chloride does not involve the chlorination of metal.
3.3 Improvement of indium presence of activated carbon As found in the previous section, the loss of NH 4 Cl is relatively high, since most of the ammonium chloride decomposes and evaporates without involving the chlorination reaction of the alloy. Moreover, in the view of process cost, it is attractive to develop a process conducted under ambient, not inert, atmosphere. However, as presented in Fig. 1 , the indium recovery under air atmosphere is lower than that in inert one. In order to improve the recovery rate, we carried out preliminary work utilizing activated carbon mixed with chlorination reagent, which can ensure the reduction of the local oxygen partial pressure under air atmosphere. Figure 7 shows the result of the carbon composition dependence of the indium distribution. In the figure, the carbon composition is mass percent of activated carbon powder in the mixture of ammonium chloride and carbon. The portion, denoted as "Residue: Activated carbon" in the Fig. 5 Indium recovery plotted against the carrier gas flow rate. The reaction temperature is 400°C, and the NH 4 Cl composition is 6 mass%. Fig. 6 The collected amount of hydrogen at different sampling period at the gas flow rate of (a) 50 mL/min and (b) 300 mL/min. The reaction condition is as same as that in Fig. 5 . figure, is the amount of indium collected in the following way. After the chlorination treatment, the activated carbon powders remaining on the sample specimen could be easily removed from the surface. The indium absorbed on the carbon was then extracted with HBr solution.
As seen in the figure, the increase in the carbon content leads to the decrease in the portion collected in the reactor, trap as well as the sample specimen. On the other hand, the increase in the portion collected at carbon is observed. The chemical specie of indium in the carbon is presumably chloride, as an EDX elemental analysis of the carbon powder showed the decrease of In and Cl from 1.3 and 0.84 to 0.30 and 0.20 atomic percent by washing in ion-exchanged water with ultrasonic bath, respectively.
In summary, indium recovery of ³70% was achieved with 4 mass% of NH 4 Cl at 400°C under air, which is comparable to the result under inert atmosphere (Fig. 1) . The increase in the indium recovery is possibly related to the decrease in the local oxygen partial pressure at the reaction zone. Further discussion may be possible when the oxygen as well as chlorine partial pressures at the reaction interface are available. As a rough estimation, we assume that the C/CO 2 equilibrium is established at the sample surface in the presence of carbon powders. From thermochemical data of the carbon dioxide, 14) the oxygen partial pressure is calculated as p O 2 ³ 2 © 10
¹31
, in case that the activity of carbon and partial pressure of CO 2 are unity, at which the In 2 O 3 /InCl 3 equilibrium should be considered in the potential stability diagram of the InOCl system.
12) The equilibrium chlorine partial pressure of the In 2 O 3 InCl 3 system at the corresponding oxygen partial pressure is ³2 © 10 ¹16 , far below than that for the system without carbon, i.e., p Cl 2 $ 10 À1 at p O 2 $ 0:2. The chlorine partial pressure is calculated from thermochemical data of HCl as 5 © 10 ¹16 in case that p
2
HCl =p H 2 is equal to 1, where p HCl and p H 2 are the partial pressures of HCl and hydrogen, respectively. The chlorination is, thus, favorable in the former system. The present result suggests the possibility of the transport of the element from bearing alloy to the activated carbon surface. Further optimization of the processes, including the particle size and porosity of the carbon, can improve the recovery rate.
Conclusion
In the present paper, we addressed the chlorination treatment of bearing alloy utilizing ammonium chloride with emphasis on the recovery of indium. Indium could be recovered in the form of volatiles at the reaction temperature of 400°C, above which the contamination of lead was significant. The increase in the indium recovery was achieved by the increase in the composition of NH 4 Cl as well as the decrease in gas flow rate.
From its simplicity of the process, the utilization of ammonium chloride is promising. On the other hand, further consideration of the process should be considered, as the quantity of ammonium chloride involved in the reaction is at most 10 percent. A possible direction of the process refinement is the application of the activated carbon. The mixing of activated carbon results in the entanglement of the chlorides in the pores of carbon. The carbon powders can be easily removed from the alloy surface and the chloride in the pores can be recovered by dissolution in water. Further optimization of the process parameters may improve the efficiency of the metal recovery.
